Genes whose expression is growth factor regulated are likely to be important components in the mechanisms controlling cell proliferation and differentiation. With the aim of identifying some of those genes, a A cDNA library was prepared with poly(A)+ RNA from quiescent NIH 3T3 cells stimulated with serum for 4 h in the presence of cycloheximide. Differential screening of approximately 200,000 recombinant phage plaques revealed 2,540 clones that cross hybridized preferentially with [32P]cDNA derived from RNA of stimulated cells rather than with cDNA derived from nonstimulated cells. Cross hybridization of these clones identified 82 independent sequences, including c-fos and c-myc. Seventy-one clones were further studied. Analysis of the changes in transcription and mRNA levels after serum stimulation demonstrated that the kinetics and extent of the induction vary dramatically between the different genes. Cycloheximide in all cases superinduced the mRNA levels by two mechanisms, inhibiting the shutoff of transcription and prolonging the half-lives of the mRNAs. Our results showed that induction of proliferation is accompanied by the onset of a complex genetic program.
Genes whose expression is growth factor regulated are likely to be important components in the mechanisms controlling cell proliferation and differentiation. With the aim of identifying some of those genes, a A cDNA library was prepared with poly(A)+ RNA from quiescent NIH 3T3 cells stimulated with serum for 4 h in the presence of cycloheximide. Differential screening of approximately 200,000 recombinant phage plaques revealed 2,540 clones that cross hybridized preferentially with [32P]cDNA derived from RNA of stimulated cells rather than with cDNA derived from nonstimulated cells. Cross hybridization of these clones identified 82 independent sequences, including c-fos and c-myc. Seventy-one clones were further studied. Analysis of the changes in transcription and mRNA levels after serum stimulation demonstrated that the kinetics and extent of the induction vary dramatically between the different genes. Cycloheximide in all cases superinduced the mRNA levels by two mechanisms, inhibiting the shutoff of transcription and prolonging the half-lives of the mRNAs. Our results showed that induction of proliferation is accompanied by the onset of a complex genetic program.
A detailed knowledge of the biochemical events and the identification of the genes that are involved in the response to growth factors is currently being accumulated. A subset of these genes may play a critical role in cellular transformation. It is well established that the synthesis of new mRNA in quiescent cells is required for the cells to respond to mitogens and progress through Gl and enter the S phase (1) . Furthermore, Gl seems to be a critical point of control of proliferation, where normal cells deprived of growth factors halt cycling, while transformed cells do not, suggesting that regulatory genes uncontrolled in the neoplastic phenotype are expressed during this transition. It has been estimated that in mouse fibroblasts, 3% of the mRNA species in logarithmically growing cells are absent in quiescent cells (49) ; thus, a set of these genes must be under the control of growth factors to allow cell proliferation. Evidence that gene expression could be controlled by the binding of a specific ligand to its receptor initially came from studies done with beta interferon (27, 28) which demonstrated the transcriptional activation of two genes in human cells after interferon treatment. These findings were further supported by the interesting observation that the proto-oncogenes c-fos and c-myc present an immediate change in expression after stimulation of fibroblasts with growth factors (4, 8, 14, 23, 25, 32) , emphasizing also that important growth-controlling genes operate during the GO-to-Gl transition. Both genes are induced in the presence of protein synthesis inhibitors, demonstrating that their induction is a direct consequence of the growth factor-receptor interaction. Expression of c-fos is undetectable during the cell cycle (3), suggesting that its expression could be essential during the transition from GO to Gl and not for continuously growing cells. This hypothesis has been recently supported by experiments with antisense fos RNA (33) . Otherwise, c-myc is expressed during the cell cycle constitutively (17, 35, 44) , but its expression depends on the external presence of growth factor (3). In contrast to c-fos, recent evidence indicates that c-myc is not essential for the GO-to-Gl transition but is essential for Gl progression and DNA synthesis (18, 20, 41) . These results suggest the existence of at least two sets of genes induced by growth factors, one required for the GO-to-Gi transition and the other essential for the Gl progression to the S phase.
Analysis of the early genetic response of a resting cell to a mitogenic stimulus could lead to the identification of genes that play an important role in growth control or differentiation. According to estimations, at present a small percentage of the total number of genes responsive to growth factors in fibroblasts have been identified (7, 10, 19, 29, 30, 31, 42) . Therefore, new attempts are required to complement the previous work. With this aim, a comprehensive study of the genes induced during the GO-to-Gl transition was performed. A cDNA library was prepared from quiescent NIH 3T3 cells induced by serum in the presence of cycloheximide for 4 h. By differential screening and cross hybridization of the cDNAs, we identified 82 mRNAs including c-fos and c-myc which are immediately induced by serum. The kinetics of appearance, transcription induction, and stability of 71 of these mRNAs were studied.
MATERIALS AND METHODS
Cell culture. Mouse NIH 3T3 cells were routinely grown in Dulbecco modified Eagle medium supplemented with 5% fetal calf serum (FCS) and antibiotics (100 units of penicillin per ml, 50 ,ug of streptomycin per ml). To obtain quiescent cultures, we incubated confluent cells for 48 h in 1% FCS. For serum stimulation, quiescent cultures were incubated with 20% FCS for the indicated times. When used, cycloheximide was added at 10 ,ug/ml and actinomycin at 1 ,ug/ml. Construction of cDNA library. NIH 3T3 cells stimulated with 20% FCS for 4 h in the presence of cycloheximnide were rinsed with cold phosphate-buffered solution containing cycloheximide and lysed with guanidine hydrochloride. The RNA was isolated by centrifugation over a cesium chloride cushion, followed by phenol extraction and ethanol precipitation (6) . Poly(A)+ RNA was prepared from total RNA by two cycles of selection on an oligo(dT)-cellulose column, and its activity was tested by in vitro translation. The poly(A)+ RNA was copied into cDNA priming with oligo(dT) essentially as previously described (16 (22) . To obtain poly(A)+ RNA, total RNA prepared as described before was dotted onto messenger-activated paper (mAp; Orgenics, Ltd.), washed twice for 15 min in buffer, and then washed with 70% ethanol for 10 min. After the messenger-activated paper filter dried, the poly(A)+ RNA was released by incubation in H20 at 70°C for 5 min. cDNA probes were synthesized priming with oligo(dT), hybridized against the filters as described above, and washed in 0.1 x SSC containing 0.5% SDS at 60°C.
Nuclear run-on transcription assay. Nuclei were isolated from NIH 3T3 cells as described by Greenberg and Ziff (14) with some modifications. One 500-cm2 dish (Nunc, Roskilde, Denmark) of quiescent cells or cells stimulated with serum for indicated periods of time was rinsed three times with 20 ml of ice-cold phosphate-buffered saline. Cells were scraped into the same buffer and pelleted at 800 x g for 1 min. The cell pellet (approximately 1 x 107 to 2 x 107 cells) was suspended in 400 jil of Nonidet P-40 lysis buffer (10 mM Tris hydrochloride [pH 7.4], 10 mM NaCl, 3 mM MgCl2, 0.5% Nonidet P-40), incubated for 5 min on ice, and sheered through a Gilson tip (about 10 times). The suspension was gently loaded on top of a 4-ml solution containing 0.7 M sucrose, 60 mM KCl, 15 mM NaCl, 15 mM Tris hydrochloride (pH 7.5), 0.5 mM spermidine, 0.15 mM spermine, 2 mM EDTA, 0.5 mM EGTA, 14 mM 3-mercaptoethanol, and 0.1% Triton X-100 and centrifuged at 1,300 x g for 10 min. The 32P-labeled RNA was isolated as previously described (15) . Approximately 2 x 106 cpm/ml were used for the hybridizations. These were performed in 50% formamide-0.5% SDS containing 5x SSC and 5x Denhardt solution at 42°C for 72 h, and filters were extensively washed in 0.1x SSC containing 0.5% SDS at 56°C. Filters were then treated for 20 min with RNase A (10 ,ug/ml) in 2x SSC and washed for 30 min in 0.1x SSC containing 0.1% SDS at room temperature.
RESULTS
Screening of cDNA clones from serum-inducible genes. A X cDNA library prepared from confluent NIH 3T3 cells kept in 1% FCS for 48 h before stimulation with 20% FCS for 4 h in the presence of cycloheximide (10 ,ug/ml) was screened for those cDNAs corresponding to the specific mRNAs induced by serum. Phage from the library were plated at 6 to 8 PFU/cm2, and replica filters were probed with [32P]cDNA made from cytoplasmic poly(A)+ RNA from quiescent or serum-stimulated cells for 4 h in the presence of cycloheximide ( Fig. 1 ). Approximately 2 x 105 plaques were screened, and 2,568 cDNAs were found to be preferentially expressed in stimulated cells. These phage were rescreened as before, and 2,540 were confirmed to hybridize specifically against cDNA from stimulated cells.
Identification of cDNA clones containing independent sequences. To determine the number of different mRNAs represented in the 2,540 cDNA clones selected by differential screening, we tested the inserts for sequence homology VOL. 8, 1988 A. . * by cross hybridization. To minimize the background, the cDNAs to be used as probes were subcloned into the pUC19 plasmid, labeled by nick translation, and tested against all the phage (Fig. 2) . Those showing cross hybridization were considered to be derived from an identical mRNA. After all the phage of the collection were tested, 82 independent sequences were found to be present, of which 71 have been further studied (Table 1) . By hybridization with characterized probes, the identity of a few clones was determined. P49 and V59 correspond to c-fos and c-myc, respectively. Clones N51 and N65 are homologous to KC and JE and B2 is homologous to P-actin, sequences originally described as induced by platelet-derived growth factor in BALB/c 3T3 cells (7, 14) . Northern 
-L L . gesting that all these mRNAs have a very short half-life. A second clear type of kinetics illustrated in Fig. 4A is that of those mRNAs whose maximum levels are reached after 2 h of stimulation, remaining at high levels for 8 h (AC33, V101, X113; Table 1 ) or slowly decreasing to lower levels after 4 h. In the case of V101, AC33, and others, possibly the half-lives of their mRNAs are several times longer than those of the other genes (see below). A third possible type of kinetics of induction is shown by mRNAs that reach high levels after 1 h; however, the time course of decay varies (e.g., A12, AH112, AC29, etc.).
Since previous studies demonstrated that protein synthesis inhibitors superinduced c-fos and c-myc mRNAs after growth factor stimulation (4, 23, 32) , it was of importance to investigate whether this was a general effect for all the immediate early inducible genes.
[32P]cDNA prepared from mRNA from quiescent cells stimulated for different times with 20% FCS in the presence of cycloheximide was hybridized against pUC19 containing the different cDNA inserts. Protein synthesis inhibition superinduced all the mRNAs, being most evident in those whose expression is very transient (Fig. 4B) . Stability of serum-inducible mRNAs. To determine the stability of the serum-inducible mRNAs, cells stimulated with 20% FCS for 4 h in the presence of cycloheximide were washed and further incubated for different times in 20% FCS in the presence of actinomycin D. 32P-labeled cDNA was prepared and hybridized to filters dot blotted with pUC19 plasmids containing each of the cDNA inserts. Some examples of the mRNA stabilities observed are shown in Fig. 5A . The half-lives of these mRNAs varied widely, with the shortest and longest being represented by X97 and B5 mRNAs, respectively. The half-lives of some mRNAs are as short as 10 to 15 min (i.e., X97, AC16, 025; Table 1 ), similar to that observed for c-myc (V59) and c-fos (P49). Interestingly, not all the mRNAs induced by serum are that unstable. Some of them, for example, AH112, B5, V58, and V101, had half-lives of approximately 4 h or more (Table 1) .
Previous observations that cycloheximide superinduced these mRNAs and the evidence that c-fos and c-myc mRNAs are stabilized by inhibitors of protein synthesis prompted us to determine the effect of cycloheximide on the half-lives of these serum-inducible mRNAs. For this, quiescent cells stimulated as described above were incubated for different times with 20% FCS in the presence of actinomycin D and cycloheximide, and the corresponding cDNA probes were hybridized and analyzed as before. The half-lives of all mRNAs were dramatically prolonged (Fig. SB) . In general, the stability was increased 5-to 10-fold by cycloheximide. This would explain in part the superinduction of these mRNAs by cycloheximide shown in Fig. 4B .
Induction of gene transcription. The effect of serum on the transcription of the inducible genes was measured in isolated nuclei from NIH 3T3 cells. Nuclei were prepared at various times after serum addition, and run-on transcription assays were performed (14) . Transcription of genes increased dramatically within 15 min after serum addition (Fig. 6) . The increase in transcription of some genes (P49, B23, X97) was very transient, reaching maximal levels at 15 to 30 min and returning to basal levels within 60 min ( Fig. 6; Table 1 ). In contrast, other genes presented an increased level of transcription for at least 8 h (AH112, A12, N29; Table 1 ). These results clearly suggest that both the kinetics and the level of induction of transcription vary dramatically between different genes. Figure 6A shows those genes presenting the highest levels of induction. Owing to the very low level of transcription in quiescent cells, it is difficult to determine the fold induction of transcription, but in any case it is 500-fold or more as has been previously described for c-fos (14) . In Fig. 6B are illustrated some genes presenting a medium level of induction of transcription (approximately four-to fivefold less than those shown in Fig. 6A ). Examples of genes presenting a low level of induction in their transcription are shown in Fig. 6C . This low level corresponds to approximately 1/16th of the highest levels of induction. In these studies, we found that in general genes presenting the most transient induction of transcription show the highest levels of induction. Only a few examples of a transient increase in transcription were observed among genes presenting low levels of induction ( Fig. 6C ; Table 1) .
From the results presented above, it was clear that the superinduction by cycloheximide of the mRNAs could be explained by the dramatic increase observed in their stabil- ity. However, it was possible that the superinduction was a combination of two independent phenomena, i.e., increased stability and increased or prolonged transcription of the genes. To study this point, we isolated nuclei from cells at different times after stimulation with serum in the presence of cycloheximide and performed run-on transcription assays. Cycloheximide strongly prolonged the transcription period of all the genes (Fig. 6) ; however, the levels of transcription were not significantly affected.
DISCUSSION
We presented evidence that induction of proliferation in quiescent cells by growth factors is accompanied by the onset of a complex genetic program. Eighty-two independent genes were found to be induced immediately after serum stimulation. As these genes were classified by cross hybridization, nonoverlapping pieces from different regions of long mRNAs could have been classified as different genes; therefore, after complete characterization the final number could be reduced. From the data already obtained for each mRNA (kinetics of induction, half-life, and transcription), it is evident that no more than two to three cDNAs could be coming from the same mRNA; therefore, the final number of independent genes in this collection would be slightly reduced.
By dot-blot analysis, we estimated that 40% of the mRNAs are expressed at levels 5-to 10-fold lower than that of c-fos after serum The kinetic studies demonstrated the existence of a set of genes whose mRNA levels change coordinately with c-fos, suggesting the existence of a common mechanism(s) controlling the levels of these mRNAs in the cell. Moreover, all these mRNAs had short half-lives. We propose that some of the genes whose expression is very transient may not be essential during the cell cycle, but are essential for the GO-to-Gl transition as demonstrated for c-fos (33) . Other genes presenting a more lasting change in expression could belong to a set of genes that is essential for the Gl progression to S phase, as is the case for c-myc (18) .
Similar experiments performed with purified growth factors showed that these genes are induced by single mitogens, the most active being platelet-derived growth factor, fibroblast growth factor, bombesin, and to a lesser extent, epidermal growth factor. Protein kinase C activators such as 12-0-tetradecanoylphorbol-13-acetate and 1,2-diotanoylglycerol are also effective inducers of these genes (data not shown).
The studies on the stability of the different mRNAs induced by serum demonstrated that their half-lives vary from 10 to 15 min to several hours. It will be of interest to determine whether those mRNAs with short half-lives carry the sequences previously described to be present in other unstable mRNAs (40) . Cycloheximide superinduces the levels of the mRNAs by a dual effect, i.e., inhibition of the transcription shutoff of the genes and increased stability of the mRNAs, in agreement with previous observations (12, 29, 30) . As these effects are general for all the genes studied, they suggest the existence of a similar mechanism(s) controlling the shutoff of the genes and the half-lives of the mRNAs. At present, the nature of such a mechanism(s) is obscure, but it is likely that labile repressors and degrading proteins are involved in these regulations. Why some of the mRNAs are induced for only a short time and others for several hours possibly reflects in part the period during which their products are required by the cell to successfully traverse from the GO to the S phase.
The nuclear run-on studies showed that the timing and the level of induction of transcription observed after serum stimulation are particular to each gene. The fact that the transcription of some of the genes remained at high levels for several hours despite other genes becoming silent shortly after induction suggests that several mechanisms are involved in the control of transcription. The nature of the signal transmitted to the nucleus that activates transcription is at present unknown. However, a 67-kilodalton nuclear protein that specifically binds to the 5'-flanking sequence of the c-fos-H gene which is essential for serum induction has been recently isolated (11, 13, (45) (46) (47) . This protein is present in nonstimulated cells; thus, its activity must be controlled by posttranslational modifications or by interaction with other proteins (negative regulators). As some of the genes are induced and shut off with different kinetics, the existence of several positive and negative transcriptional regulators controlling these genes must be considered.
It is expected that the set of mRNAs immediately induced by growth factors will encode for nuclear proteins, some of A B MOL. CELL. BIOL.
on July 6, 2017 by guest http://mcb.asm.org/ Downloaded from which could participate in the transactivation of genes required for the progression through GI. Supporting this notion are the recent evidences suggesting that c-fos and c-myc proteins participate in the transactivation of genes (9, 21, 24, 38, 39) . Moreover, the sequence of a complete cDNA clone corresponding to AC16 (5) has demonstrated that it encodes for three domains similar to those present in "finger proteins" such as transcription factor IIIA (48) and Kruppel (37) which are known transcription factors.
Recently, the induction of a positive autocrine feedback in human fibroblasts after factor stimulation has been demonstrated (34) . Therefore, it is conceivable that some of the induced mRNAs code for secretory or membrane proteins that could be part of an autocrine system.
The availability of this large collection of genes will enable us to identify sets of genes that are specifically induced by one or several growth factors. This knowledge will be of great value, first, for understanding which of the early events triggered by each growth factor is essential for the induction of a specific set of genes, and second, for the identification of the regulatory elements responsible for the different transcriptional activation observed with each growth factor. The sequencing of these mRNAs and the characterization of their products will be essential to understand the genetic program involved in the initial events leading to cell proliferation as well as for future studies concerning their possible role in cell differentiation.
